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Membrane microdomains (rafts) remain one of the controversial issues in biophysics. Fluorescent molecular
probes, which make these lipid nanostructures visible through optical techniques, are one of the tools
currently used to study lipid rafts. The most common are lipophilic fluorescent probes that partition specif-
ically into liquid ordered or liquid disordered phase. Their partition depends on the lipid composition of a
given phase, which complicates their use in cellular membranes. A second class of probes is based on envi-
ronment-sensitive dyes, which partition into both phases, but stain them by different fluorescence color,
intensity, or lifetime. These probes can directly address the properties of each separate phase, but their
cellular applications are still limited. The present review focuses on summarizing the current state in the field
of developing and applying fluorescent molecular probes to study lipid rafts. We highlight an urgent need to
develop new probes, specifically adapted for cell plasma membranes and compatible with modern fluores-
cence microscopy techniques to push the understanding of membrane microdomains forward.The original proposal of the lipid microdomains (rafts) hypothesis
(Simons and Ikonen, 1997) led to a remarkable renaissance in the
field of lipid membranes. For example, the classical description
of the membrane using gel and liquid crystalline phases was
replaced by the view of the membrane as a complex system
described as a combination of liquid ordered (Lo) and disordered
(Ld) phases, composed of saturated and unsaturated lipids,
respectively, together with cholesterol. Thus, the coexistence
of separated Lo and Ld phase domains in cell plasma mem-
branes was proposed as a new paradigm of membrane organi-
zation, instead of the fluid mosaic model, and proposed to be
behind a variety of membrane processes, such as formation of
proteins clusters, signal transduction, endocytosis, cell polariza-
tion, and motility (Brown and London, 2000; Jacobson et al.,
2007; Lingwood and Simons, 2010; Simons and Ikonen, 1997;
Simons and Toomre, 2000). The raft hypothesis also stimulated
developments of new techniques for studying properties of Lo
and Ld phases in model and cellular membranes. Here, optical
techniques continue to play a particularly important role because
they are capable of operating in situ with high speed and sensi-
tivity. Because they rely totally on fluorescent markers, past
decades have seen a rapid development of different molecular
and biomolecular tools for lipid rafts research. While there is a
variety of excellent reviews on lipids rafts properties, their biolog-
ical importance, and on instrumental methods to investigate
them (Brown and London, 2000; London, 2002; Jacobson
et al., 2007; Lingwood and Simons, 2010; Munro, 2003; Owen
et al., 2012a; Simons and Toomre, 2000), the reviews dedicated
to fluorescent probes for lipid rafts are still missing. Here, we will
focus mainly on small organic molecules developed by organic
chemists—fluorescent molecular probes. We will review the
most representative membrane probes, their design, properties,
and scope of application, and also their advantages and limita-
tions for studies of model and cellular systems. The great variety
of existing molecular probes shows that there is no single idealChemistry & Biolmolecule for lipid rafts research and the selection of a probe
depends on the type of sample (model or cellular membranes),
the kind of optical technique, and the question being asked.
For example, there are many membrane probes that work
perfectly in model membranes, but cannot be really applied to
cell membranes because of their rapid intracellular entry, their
flip-flop between the two leaflets, and their mispartitioning
between Lo and Ld phases. At present, the existing membrane
probes cannot satisfy the rapidly growing demands of mem-
brane biologists. The present review will analyze the possible
reasons for this situation and will present the current trends in
the development of new advanced probes.
Methods to Study Lipid Organization
The traditional method to study lipid rafts and their association
with certain membrane proteins is based on the observation of
the detergent-resistant membranes, composed of mainly sphin-
gomyelin (SM), other saturated phospholipids, cholesterol, and
some membrane proteins (Brown and Rose, 1992; Lingwood
and Simons, 2007; London and Brown, 2000). However, this
technique was severely criticized, because it utilizes detergents
that may induce phase separation and/or affect the partitioning
of membrane proteins to a given phase (Heerklotz, 2002; Lich-
tenberg et al., 2005; Sot et al., 2006). Therefore, a variety of other
techniques to study the phase behavior of model or native mem-
branes in situ have been developed (Figure 1). Probably, the
most direct method to study lipid rafts is based on monitoring
chemical (lipid) composition of the cell membranes with mass
spectrometry (Boxer et al., 2009; Kraft et al., 2006; Lozano
et al., 2013). However, this method works under ultra-high vac-
uum and with freeze-dried samples. Atomic force microscopy
(AFM) provides a nanoscopic resolution for imaging of mem-
branes in aqueous phase (Chiantia et al., 2006; Giocondi et al.,
2000; Goksu et al., 2009; Johnston, 2007; Nicolini et al., 2006;
Shaw et al., 2006), and can clearly distinguish domains of Loogy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 97
Figure 1. Strong and Weak Points of the Most Common Methods for Characterization of Lipid Rafts
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by 0.5 nm as compared to the Ld phase. Nevertheless, AFM
technique works well only in model or isolated native mem-
branes immobilized on surfaces. Nuclear magnetic resonance
provides direct information on the order of the lipid head groups
and fatty acid chains, but it is limited to model membranes with
simple lipid compositions (Filippov et al., 2003; Guo et al., 2002;
Soni et al., 2008). A chemical cross-linking method was also pro-
posed, which provides evidence for the proximity between SM
and cholesterol species (Sugahara et al., 2003). Though this
method could be extended to a variety of lipid species and
even to proteins, it is invasive and requires destruction of the
cell membranes. Currently, optical techniques remain unique
for in situ studies of lipid rafts in live cells. Over the past decade,
sensitivity and resolution of optical microscopy underwent dra-
matic improvements and the technique now allows imaging at
a single molecule level and at tens of nanometers resolution.
However, optical microscopy requires the use of contrast
agents, fluorescent probes, because biological systems are
poor in intrinsic fluorescent species. This resulted in concomitant
and significant progress in the development of new fluorescent
probes for lipid rafts research, which is the key topic of this
review.98 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All rFluorescent Probes
The number of fluorescent probes for membrane raft research
is growing rapidly. However, all of the probes described so far
have some limitations to their use, because the choice depends
on the membrane to be studied (model versus native) and on the
fluorescence technique to be used. The majority of currently
available fluorescent membrane probes can be classified in
one of the three main classes. The first class includes probes
that specifically label lipid components of the membrane, such
as gangliosides (for example GM1) or cholesterol. Probes that
rely on the selective partitioning of the dyes to either Lo or Ld
phases are grouped into the second class. Finally, probably
the most recent class of probes corresponds to environment-
sensitive probes that can directly distinguish Lo and Ld phases
due to differences in their intrinsic properties. We will present
these three classes of probes in detail, with a particular focus
on the latter two. Table 1 summarizes their spectroscopic prop-
erties and phase preferences.
Probes of Lipid Components
The probes of lipid components (eg, GM1 and cholesterol) are
usually protein molecules, which are not the subject of the pre-
sent review. Nevertheless, it is worth mentioning the most well-
established and popular probe of lipid rafts—the fluorescentlyights reserved
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secreted by bacterium Vibrio cholerae, is able to bind as a pen-
tamer to GM1 ganglioside (Merritt et al., 1994), which is believed
to be the key component of lipid domains (Simons and Ikonen,
1997). The limitation of CT-B is its lack of specificity because it
binds other sugar structures present at the cell surface, such
as galactose (Munro, 2003; Uesaka et al., 1994). Moreover,
CT-B was shown to aggregate at the membrane surface in the
presence of GM1 (Wang et al., 2004) and thus induce formation
of lipid domains. Therefore, the methods based on CT-B should
be used with care and compared with other probes and detec-
tion techniques. An alternative approach is to use fluorescent
antibodies capable of specific binding to certain lipids, such as
cholesterol (Bı´ro´ et al., 2007; Perl-Treves et al., 1996). However,
the use of the fluorescent antibodies in this context is relatively
rare, probably because cholesterol is present in both Lo and
Ld phases. The only example of a small molecule specific to a
lipid component is filipin, which is widely used as a histochemical
marker for cholesterol in lipid membranes (Harzer and Kuster-
mann-Kuhn, 2001). However, its applications for lipid rafts
studies are limited due to its poor fluorescence properties,
intrinsic toxicity, and ability to disrupt lipid rafts (Orlandi and Fish-
man, 1998). Thus, it is clear that small organic molecules able to
recognize lipid components specifically are still missing.
Probes with Selective Partitioning into Membrane
Phases
The most straightforward approach to study lipid domains is
to use lipid-like dyes that show high affinity for lipid membranes
and can partition specifically either to Lo or Ld phase (Figure 2).
So far, several systematic works have been performed to under-
stand the correlation between the structure of the lipid-like
probes and their preference to Lo/Ld phases (Baumgart et al.,
2007b; Sengupta et al., 2008; Sezgin et al., 2012b; Shaw et al.,
2006). These studies revealed that most of these probes bind
preferentially to Ld phase, with just a few exceptions. This seems
to be a general tendency, because highly packed lipids in Lo
phase usually exclude the exogenous molecules. The partition-
ing probes could be divided into two families. The first is based
on fluorescently labeled lipids, while the second corresponds
to lipophilic fluorescent molecules of nonlipid nature.
Lipid derivatives. The common approach to obtain a fluores-
cent membrane probe is to label a lipid, either cholesterol or a
phospholipid, with a fluorescent moiety (Maier et al., 2002).
Among cholesterol derivatives the most interesting are 7-nitro-
2,1,3-benzoxadiazol-4-yl (NBD)-cholesterol, TopFluor-Choles-
terol, and Cholestatrienol (Figure 2; Wu¨stner, 2007). The first
two are analogs of cholesterol bearing a fluorophore at its side
chain. Remarkably, they show very different partitioning in Ld/
Lo phase mixtures of giant unilamellar vesicles (GUVs), where
NBD-chol partitions preferentially into Ld phases (Baumgart
et al., 2007b), while TopFluor-Chol prefers Lo phase (Sezgin
et al., 2012b). The difference stems from the fluorophore: NBD,
being much more polar than BODIPY, tends to ‘‘loop back’’
toward the membrane surface (Abrams and London, 1993; Kai-
ser and London, 1998), which probably disturbs the proper
cholesterol insertion into the bilayer in Lo phase. Moreover, it
has been shown that a minor modification of cholesterol struc-
ture can drastically decrease its partitioning into Lo phase
(Scheidt et al., 2003; Xu et al., 2001). Cholestatrienol exhibitsChemistry & Biolthe best partitioning into Lo phase (Baumgart et al., 2007b),
which is not surprising because it is a very close structural analog
of cholesterol. However, its poor photostability limits its applica-
tions in microscopy.
Phospholipids are the most versatile platform for the prepara-
tion of fluorescent membrane probes, as they can be labeled
either at one acyl chain or at the polar head group. Labeling at
the head group is usually done for phosphatidyl ethanolamine
(PE). Fluorescent derivatives of PE with unsaturated fatty
acid chains (eg, labeled 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine, DOPE) show clear preference to Ld phase
(Baumgart et al., 2007b). PE derivatives with saturated chains
(eg, DPPE: 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine)
showmuch less predictable behavior after head groupmodifica-
tion. Those bearing rhodamine derivatives (Lissamine Rhoda-
mine, Texas Red, Texas Red caproyl) partition out of Lo and
into Ld phase, which points out the problem of the size and
charge of the fluorophore (Baumgart et al., 2003; Dietrich et al.,
2001; Veatch and Keller, 2003). NBD-DPPE lipid, bearing the
much smaller and neutral dye NBD shows a modest preference
to Lo phase in a ternary lipid mixture SM/POPC/cholesterol
(POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;
Dietrich et al., 2001). However, other studies using DSPC/
DOPC/cholesterol (DSPC: 1,2-distearoyl-sn-glycero-3-phos-
phocholine; DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine)
and SM/DOPC/cholesterol mixtures suggest a preference of
NBD-DPPE to Ld phase, although some partitioning into Lo
phase could be noticed from these data (Figure 3A; Baumgart
et al., 2007b). On the other hand, studies in giant vesicles
composed of cell plasmamembranes (giant plasmamembranes
vesicles, GPMVs), show that NBD-DPPE binds preferentially to
Lo phase (Figures 3B–3D; Sengupta et al., 2008). Thus, the
partitioning of NBD-DPPE depends strongly on the lipid com-
position of the separated phases. A remarkable example is a
GM1 modified at its head group with BODIPY, which showed a
clear preference to Lo phase in SPM/DOPC/DOPE/cholesterol
mixture (Samsonov et al., 2001).
The other approach is to label PE head group through a long
hydrophilic spacer such as polyethylene glycol (PEG), which
was originally realized based on biotin as a ‘‘label’’ and used to
study lipid-protein clustering in cell plasma membranes (Wang
et al., 2005). In a more recent study, DSPE (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine) lipid was modified at its head
group with a hydrophilic analog of Atto647N (KK114) through
PEG2000 spacer (Figure 4; Honigmann et al., 2013). Remarkably,
the obtained lipid showed strong preference to Lo phase in
supported bilayers with Lo and Ld phases composed of
ternary mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol and 1,2-diphytanoyl-sn-glycero-3-phos-
phocholine (PhyPC) as a substitute of DOPC. The control analog
without PEG spacer was excluded from the Lo phase, indicating
that the PEG spacer plays a key role to minimize the perturbing
effect of the fluorophore on the phase partitioning. The phenom-
enon of exclusion from Lo in favor of Ld phase was observed for
other ATTO dyes, directly connected to the head group of sphin-
gomyelin (SM-Atto532 and SM-Atto647N, Figure 4; Sezgin et al.,
2012b),which is a key constituent of Lophase. This behavior con-
firms that charged and large fluorophores attached at the head
group of a lipid drastically disturb its partitioning into Lo phase.ogy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 99
Table 1. Fluorescent Membrane Probes: Spectral and Phase Partitioning Properties
Name Abs Max (nm) Fluo Max (nm) Partitioning in GUVsa Partitioning in GMPVs Reference
Cholesterol derivatives
TF-Chol 495 507 Lo (A, 80%) Lo (66%) Sezgin et al., 2012b)
NBD-Chol 470 538 Ld (A) – Baumgart et al., 2007a)
Cholestatrienol 324 390 Lo (A) – Baumgart et al., 2007a)
PE head group labeled
NBD-DOPE 470 538 Ld (A) Ldb Baumgart et al., 2007a
NBD-DPPE 470 538 Lo/Ld (A-C) Lob Baumgart et al., 2007a
Rh-DOPE 560 583 Ld (A) Ldb Baumgart et al., 2007a
Rh-DPPE 560 583 Ld (A) Ldb Baumgart et al., 2007a
Texas Red-DPPE 595 614 Ld (A) – Baumgart et al., 2007a
DSPE-KK114 640 660 Ld (D) – Honigmann et al., 2013
DSPE-PEG-KK114 640 660 Lo (D) – Honigmann et al., 2013
PC acyl chain labeled
5-BODIPY-PC 505 512 Ld (A) – Baumgart et al., 2007a
12-NBD-PC 470 538 – Ld Sengupta et al., 2008
SM acyl chain labeled
5-BODIPY-SM 505 512 Ld (A, 78%) – Sezgin et al., 2012b
12-BODIPY-SM 505 512 Ld (A, 69%) Lo (66%) Sezgin et al., 2012b
6-NBD-SM 470 538 Ld (A, 88%) Ld (54%) Sezgin et al., 2012b
12-NBD-SM 470 538 Ld (A, 95%) Ld (65%) Sezgin et al., 2012b
4-Atto647N-SM 644 669 Ld (A, 97%) Ld (82%) Sezgin et al., 2012b
4-Atto532-SM 532 552 Ld (A, 90%) Ld (53%) Sezgin et al., 2012b
SM head group labeled
SM-Atto647N 644 669 Ld (A, 97%) Ld (85%) Sezgin et al., 2012b
SM-Atto532 532 552 Ld (A, 88%) Ld (62%) Sezgin et al., 2012b
LCH dyes
DiI-C18 550 568 Ld (A), Lo (B) – Baumgart et al., 2007a
DiD-C18 648 670 Ld (A) Ld Sezgin et al., 2012b
FAST DiO 490 505 Ld (A) – Baumgart et al., 2007a
R18 554 627 Ld (A) – Baumgart et al., 2007a
DPH 350 452 Lo/Ld (A, B) – Baumgart et al., 2007a
LcTMA-DPH 350 452 Lo (A) – Xu et al., 2001
PAH dyes
Naphthopyrene – 460 Lo (A) – Baumgart et al., 2007a
Perylene 436 447 Lo/Ld (A) – Baumgart et al., 2007a
Terrylene – – Lo (A) – Baumgart et al., 2007a
Solvatochromic probes
Laurdan 363 460-520 Lo/Ld (A,E) Lo/Ld Bagatolli, 2006
C-Laurdan 383 460-520 Lo/Ld (C) Lo/Ld Kim et al., 2007
di-4-ANEPPDHQ 482 681 Lo/Ld (C)c – Jin et al., 2006
F2N12S 416 490/580 Lo/Ld (A)c – Klymchenko et al., 2009
F66NS 416 490/580 Lo/Ld (A)c – Darwich et al., 2013
NR12S 550 626 Lo/Ld (A)c – Kucherak et al., 2010
Molecular rotors
FCVJ 433 500 – – Haidekker et al., 2001
C-Laurdan-2 390 530 Lo/Ld (C) – Kim et al., 2008
BODIPY-Ph-C12 500 512 Lo/Ld (A) – Kuimova et al., 2008
GM1 derivatives
5-BODIPY-GM1 505 512 Ld (A, 79%) Lo (65%) Sezgin et al., 2012b
(Continued on next page)
100 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved
Chemistry & Biology
Review
Table 1. Continued
Name Abs Max (nm) Fluo Max (nm) Partitioning in GUVsa Partitioning in GMPVs Reference
BODIPY-GM1 505 512 Lo (A) – Samsonov et al., 2001
6-NBD GM1 470 538 Ld (A, 75%) Lo (67%) Sezgin et al., 2012b
Abs Max, absorption maxima; Fluo Max, fluorescence maxima.
aPartitioning of probes in GUVs for the following lipid mixtures: A, SM/DOPC/cholesterol; B, DSPC/DOPC/cholesterol; C, DPPC/DOPC/cholesterol; D,
DPPC/PhyPC/cholesterol; and E, SM/POPC/cholesterol.
bReference to (Sengupta et al., 2008).
cSome preference to Ld phase.
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derivatives of phosphatidylcholine (PC) and SM are used. The
reason is much more strict requirements applied to fluorophore
for acyl chain modification, including a small size and a relatively
low polarity, so that common rhodamine or cyanine dyes cannot
be used in this case. The representative derivatives of PC
(5-BODIPY-PC, Figure 2) and SM (5-BODIPY-SM and 12-
BODIPY-SM) are clearly excluded from the Lo phase with strong
preference for the Ld phase (Figures 5E and 5F; Baumgart et al.,
2007b; Sezgin et al., 2012b). These data are surprising, because
in other reports 5-BODIPY-SMwas used to label sphingomyelin-
rich domains in cell membranes (Marks et al., 2008) and to mimic
SM in membrane-trafficking studies (Chen et al., 1997; Cheng
et al., 2006; Maier et al., 2002). Moreover, recent data in GPMVs
suggest preferential partitioning of 12-BODIPY-SM and 5-
BODIPY-GM1 into Lo phase (Sezgin et al., 2012b; Figures 3G
and 3H), and partitioning of NBD-labeled SM (6-NBD-SM, 12-
NBD-SM, Figure 2) and GM1 (6-NBD-GM1) into both phases
without preference (Sengupta et al., 2008; Sezgin et al.,
2012b). Other derivatives of SM fluorescently labeled at the
acyl chain, including recently introduced ATTO-derivatives
(4-Atto532-SM and 4-Atto647N-SM, Figure 4) and even deriva-
tives of GM1 (Atto-647-GM1), showed strong preference to Ld
phase both in GUVs and GPMVs (Sezgin et al., 2012b). This pref-
erence is clearly related to the steric effect of these charged
bulky dyes, expelling them from the highly packed Lo phase
into themore accessible Ld phase. Thus, the fluorescent labeling
either of the head group or the acyl chain can strongly alter the
partitioning of the lipids. In this respect, NBD and BODIPY
appear as the most nondisturbing fluorophores, due to their
compact and low polar nature.
Lipophilic probes. A simple alternative to fluorescently labeled
lipids are dyes that present sufficiently high lipophilic or amphi-
philic properties, so-called lipophilic probes. Here, we will focus
only on themost important examples of lipophilic probes for lipid
rafts research. Two classes of lipophilic probes could be defined:
dyes bearing long-chain hydrocarbons (LCH dyes) and poly-
cyclic aromatic hydrocarbons (PAH dyes). The typical represen-
tatives of the LCH dyes are alkylated cyanines and rhodamines
(Figure 5A). Cyanines, such as 1,10-dialkyl-3,3,30,30-tetramethy-
lindodicarbocyanine (DiI) and 1,10-dialkyl-3,30-oxacarbocyanine
(DiO) bear two hydrocarbon chains together with a net positive
charge, so that they match structurally with lipids. Cyanines
bearing unsaturated chains (fast DiI and fast DiO) are classical
probes of Ld phase (Baumgart et al., 2007b). On the other
hand, cyanines bearing saturated chains show complicated par-
titioning behavior. The increase in the chain length favors parti-
tion of DiI dyes into Lo phase in the DSPC/DOPC/Chol mixtureChemistry & Biolo(Figures 5B–5E), so that dyes bearing 20 and 22 carbon chains
prefer the Lo phase (Baumgart et al., 2007b). However, this
rule does not apply to the SM/DOPC/Chol mixture, where all
the studied DiI dyes with chain lengths between 12 and 22
carbons partition preferentially into the Ld phase. It is clear
that partitioning of DiI dyes depends not only on the phase, but
also on the structural match between the lipids and the dye.
Indeed, DiI-C20 structure is closer to DSPC than to SM. Never-
theless, cellular studies showed that endocytosis of DiI dyes
depends strongly on the length and unsaturation of the alkyl
chains, which was interpreted as differential partitioning of these
dyes between Lo and Ld domains of plasma membranes
(Mukherjee et al., 1999). Moreover, due to their high brightness
and photostability, DiI-C18 and its analogs remain indispensable
tools for lipid rafts research with fluorescence microscopy,
particularly for the study of lateral diffusion by fluorescence
correlation spectroscopy (FCS; Gielen et al., 2009; Gombos
et al., 2008; Kahya et al., 2003). Remarkably, an analog of DiI-
C18 with extended conjugation, DiD-C18, is excluded from the
Lo phase into the Ld phase both in GUVs and GPMVs (Figures
3E–3H; Juhasz et al., 2010; Sezgin et al., 2012b). Rhodamine-
C18 (R18), another common lipid marker, bears one long hydro-
carbon chain and a positively charged fluorophore. It shows a
clear preference to the Ld phase (Baumgart et al., 2007b), which
confirms the general trend that rhodamine-based membrane
probes are excluded from Lo phase.
The second class, PAH dyes, are neutral aromatic compounds
that do not bear alkyl chains (Figure 5A). The most famous PAH
dyes, such as terrylene and naphthopyrene (NAP), show clear
preference to Lo phase (for NAP, see Figure 5F; Baumgart
et al., 2007b; Juhasz et al., 2010). Due to their planar structure,
they intercalate efficiently between lipids of Lo phase, similarly
to cholesterol. Other PAH dyes, such as perylene and rubicene,
do not show any preference to a particular phase in SM/DOPC/
cholesterol mixtures (Baumgart et al., 2007b), while in DSPC/
DOPC/cholesterol mixture perylene showed some preference
to the Lo phase (Zhao et al., 2007). However, the application of
all these dyes was limited to model membranes. These dyes
are structurally far from lipids or amphiphiles, so that in cellular
context they will show only a poor specificity to cell membranes,
because they could bind to any biomolecule exhibiting an apolar
binding site. An interesting combination of LCH and PAH dyes is
a DPH derivative (LcTMA-DPH; Figure 5A) bearing a charged
group through a long hydrocarbon chain (Beck et al., 1993). In
contrast to parent DPH, it binds with a high specificity to Lo
phase (Haluska et al., 2008; Xu et al., 2001), pointing out the
importance of the long alkyl chain for appropriate accommoda-
tion of the dye within this highly packed phase. Due to thegy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 101
Figure 2. Fluorescent Lipid Derivatives with Specific Partitioning between Lo and Ld Phases
Cartoon (upper left) describes the principle of the partitioning probes.
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specificity to the cell membrane in contrast to PAH dyes, but
its cellular applications remain to be explored.
Probes that Distinguish Membrane Phases
As shown above, the partitioning probes are powerful tools for
model membranes, but their applications in live cells are less
clear because the partitioning between Lo and Ld phases de-
pends strongly on the nature of lipids constituting these phases.
To avoid the problem of imprecise partitioning, one should use
probes directly sensing the properties of individual phases
(Bagatolli, 2006) by changing their emission color, intensity, or102 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd Alllifetime. This can be realized by using so-called environment-
sensitive dyes, which change their spectroscopic properties in
response to environment parameters, such as polarity, hydra-
tion, viscosity, etc (Demchenko et al., 2009). Here, two classes
of probes should be mentioned: solvatochromic probes and
viscosity-sensitive probes (molecular rotors). The former probes
change their color in response to the polarity of the environment,
while the latter probes change their fluorescence intensity and
lifetime in response to the environmental viscosity. Because
the Lo phase is characterized by a higher level of lipid packing
compared to the Ld phase, it is also much less hydratedrights reserved
Figure 3. Partitioning of Fluorescent Lipid Derivatives into Lo/Ld Phases of Model and Native Membranes
(A–D) Hemispherical projection of confocal images of GUVs (A: DSPC/DOPC/cholesterol mixture, arrow shows Ld phase) and (B–D) confocal images of GPMVs
labeled with NBD-DPPE and Rh-DOPE. (A) was adapted from Baumgart et al. (2007a), and (B)–(D) were adapted from Sengupta et al. (2008).
(E–H) Phase partitioning of 12-BODIPY-SM (E andG) and DiD-C18 (F andH). Fluorescence confocal images of the phase partitioning of 12-BODIPY-SM (E andG)
and DiD-C18 (F and H) in GUVs (SM/DOPC/cholesterol) and GPMVs. Adapted from Sezgin et al. (2012b).
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both solvatochromic and viscosity probes can distinguish Lo
from Ld phases.
Solvatochromic probes. Solvatochromic probes are among
the oldest and most established membrane probes, though their
applications for lipid raft research took shape only in the recent
years. These dyes exhibit strong changes in their dipole
moments upon electronic excitation. Universal dipole-dipole
and specific (H-bonding) interactions of these dyes with their
environment change the energy of the probe electronic transi-
tions, and thus shift the maxima of their excitation and emission
spectra. The classical example is Laurdan (Figure 6A; Bagatolli,
2006), which is among the first probes introduced for imaging Lo
and Ld phases in model membranes (Dietrich et al., 2001). Laur-
dan distributes evenly between Lo and Ld phases, showing
strongly blue-shifted emission in Lo phase of model membranes,
which allows imaging phase separated domains in GUVs
composed of synthetic lipids and native pulmonary surfactant
(Figure 6B; Bagatolli, 2006; Dietrich et al., 2001; Parasassi
et al., 1997). Recently, it was also applied for studies of mem-
brane rafts in live cells (Gaus et al., 2003; Owen et al., 2012c),
although the data analysis is complicated by the rapid internali-
zation of this dye. To further improve the dye localization at the
cell plasma membrane, a carboxylic derivative of Laurdan
(C-Laurdan) was recently introduced (Kim et al., 2007), and
used to study lateral organization in biomembranes (Dodes
Traian et al., 2012; Sezgin et al., 2012b). Surprisingly, Patman,
a cationic analog of Laurdan developed much earlier for probing
the membrane phases (Lakowicz et al., 1983), was poorly
explored for lipid rafts research.
The other important examples are di-4-ANEPPDHQ (Jin et al.,
2006) and its recently introduced derivatives (Kwiatek et al.,
2013). These solvatochromic dyes, similarly to Laurdan, canChemistry & Biolobind both Lo and Ld phases (with some preference for the Ld
phase), and stain them in different colors, due to strong polar-
ity-dependent spectral shifts. The presence of two cationic
groups and long hydrocarbon chains in di-4-ANEPPDHQ mini-
mizes the flip-flop between the two leaflets, whichmade it partic-
ularly interesting for cellular applications. However, due to its
relatively low brightness, the probe requires rather high concen-
trations (5 mM) for cellular imaging (Owen et al., 2012b).
To develop the solvatochromic probes for lipid rafts, we
focused on improved fluorophores with precise location in the
membrane and selective single leaflet staining (Demchenko
et al., 2009; Klymchenko et al., 2002; Kucherak et al., 2010);
3-hydroxychromone dyes were of particular interest for this
development, because their dual emission shows an exquisite
sensitivity to the environment properties (Demchenko et al.,
2009, 2013; Klymchenko et al., 2013). To design the membrane
probe F2N12S, the basic 40-(diethylamino)-3-hydroxyflavone
was modified with both a long hydrocarbon chain and a zwitter-
ionic group (Figure 6A), which ensured its specific cellular bind-
ing and location at the outer membrane leaflet (Shynkar et al.,
2007). F2N12S can partition into both Lo and Ld phases and
show a different ratio of its two emission bands, allowing a ratio-
metric imaging of these phases in giant vesicles (Klymchenko
et al., 2009), as well as following changes in the lipid order at
the outer leaflet after cholesterol extraction and apoptosis (Oncul
et al., 2010; Shynkar et al., 2007). Remarkably, modified analogs
of F2N12S (F66NS), presenting a vertical orientation in the lipid
bilayer, showed an improved sensitivity to the lipid order and
apoptosis (Darwich et al., 2013). In comparison to di-4-
ANEPPDHQ, F2N12S and its analogs required significantly lower
concentrations of the probe: 0.1–0.5 mM. However, they need
excitation in the violet region (400 nm) or by two-photon laser
and their photostability is limited.gy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 103
Figure 4. Lipids Bearing ATTO Dyes for Lipid Rafts Research
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is a very bright environment-sensitive fluorophore featuring
strongly red-shifted absorption and emission (Greenspan et al.,
1985). Similar to F2N12S, Nile Red was modified with hydro-
carbon chain and zwitterionic group to obtain NR12S (Fig-
ure 6A). Using the unique switching property of NR12S in the
presence of dithionite ions, we were able to show a selective
binding of this probe to the outer leaflet lipid membranes with
slow flip-flop rate on the time scale of hours (Kucherak et al.,
2010). Its emission wavelength is blue-shifted from 605 nm in
Ld phase to 570 nm in Lo phase, allowing phases to be distin-
guished by emission color (Figure 6C1). In GUVs, this probe
binds both phases with some preference for the Ld phase,
and provides an excellent contrast in ratiometric images
(Figure 6C2). This probe allowed monitoring lipid order after
cholesterol extraction (Figure 6C3) and SM hydrolysis (Darwich
et al., 2012; Kucherak et al., 2010). Remarkably, the NR12S
probe showed that the loss of transmembrane asymmetry due
to apoptosis decreases the lipid order in cell plasma mem-
branes, in line with earlier data obtained using F2N12S (Oncul
et al., 2010) and very recent data using PATMAN (Gibbons
et al., 2013). The connection found between lipid order and
apoptosis probably originates from the SM transfer from the
outer to the inner leaflet (Tepper et al., 2000), and its replacement
by the unsaturated lipids from the inner leaflet. Importantly,
NR12S required as low as 20 nM concentrations for cellular
imaging, which is far lower than that for any other solvatochromic104 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd Alldye used so far. Unfortunately, the photostability of this probe is
also limited.
Molecular rotors. The molecular rotors are fluorophores exhib-
iting strong variation of their fluorescence quantumyield depend-
ing on their intramolecular rotation, which is a function of the
environmental viscosity (Haidekker and Theodorakis, 2007; Kui-
mova, 2012). Indeed, in more viscous media, these rotations are
slowed, which increases the fluorescence quantum yield of the
fluorophore. Being incorporated into lipid membranes, these flu-
orophores monitor the microviscosity of their lipid surrounding
(Haidekker and Theodorakis, 2007; Kuimova, 2012). Typical
examples of these probes are FCVJ, its analogs, and some
recently developed analogs of Prodan and BODIPY (Figure 7).
Because the Lo phase presents a much higher viscosity than
Ld phase, molecular rotors show higher fluorescence quantum
yields within this phase. Thus, a recently developed extended
analog of Laurdan, C-Laurdan-2 (Figure 7; Kim et al., 2008),
showed remarkable increase in the fluorescence brightness on
binding to Lo phase in model membranes, and was proposed
as a turn-on probe for sensing lipid rafts in cells. The problem
of cellular internalization of C-Laurdan-2 was further resolved
by substituting its carboxylate with a sulfonate group (S-Laur-
dan-2, Figure 7; Lim et al., 2011). However, because no evalua-
tion of flip-flop of these probes was done, it remains a question
as to whether they address one or both leaflets of cell mem-
branes. Molecular rotor BODIPY-Ph-C12, which has the excel-
lent fluorescence properties of the BODIPY family, was veryrights reserved
Figure 5. Lipophilic Dyes and Their Specific Partitioning between Lo and Ld Phases of GUVs
(A) Chemical structures of the lipophilic dyes.
(B–F) GUVs images (arrows show Ld phase). (B–E) Effect of chain length in DiI dyes on the phase partitioning. Hemispherical projection of confocal images of
GUVs (DSPC/DOPC/cholesterol) stained with DiI dyes. (F) Remarkable preference of NAP dye Lo phase in GUVs (SM/DOPC/cholesterol). Equatorial images of
GUVs were obtained by two-photon laser scanning microscopy at an excitation wavelength of 750 nm. (B–F) Adapted from Baumgart et al. (2007a).
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model membranes using fluorescence lifetime imaging micro-
scopy (FLIM) (Wu et al., 2013). Examples of applications of
molecular rotors for lipid raft research are still rare and appeared
only recently, showing some gap in this field. Moreover, most of
molecular rotors reported to date, including FCVJandderivatives
of BODIPY, are not really adapted for cell plasma membrane
studies, as their chemical structure is very different from that of
lipids. Therefore, when added to live cells, they show intracellular
fluorescence with a quite limited cell plasma membrane staining
(Haidekker et al., 2001; Kuimova, 2012; Kuimova et al., 2008;
Peng et al., 2011). In this respect, analogs of FCVJ attached
either to headgroupsor acyl chains of lipids should bementioned
(Figure 7). Remarkably, the former did not show any dependence
on membrane viscosity, probably because of its membrane sur-
face localization, while the latter, immersedwell inside the bilayer
did sense the membrane viscosity (Haidekker et al., 2002). How-
ever, application of these interesting molecules for lipid raft
research remains to be explored. It is clear that this rapidly devel-
oping class of probes, after appropriate molecular design and
systematic membrane studies, may become a very powerful
tool for monitoring lipid order in cell membranes.
One Leaflet Staining and Flip-Flop
The outer and inner leaflets of the cell plasmamembrane present
very different lipid composition, with SM present mainly at theChemistry & Bioloouter leaflet. Therefore, it is extremely important to address the
properties of each leaflet separately. However, so far little atten-
tion was paid to this problem in the design of new membrane
probes. For example, neutral hydrophobic molecules such as
Laurdan or commonly used PAH dyes cannot be localized within
a single leaflet, because these hydrophobic molecules can freely
migrate through the apolar interior of the bilayer. Being added to
cells, they very rapidly stain all intracellular lipid compartments,
which makes their applications for imaging plasma membranes
of live cells rather complicated. C-Laurdan is an interesting alter-
native to Laurdan, although cellular images of this dye also show
some significant intracellular staining (Kim et al., 2007). More-
over, its flip-flop kinetics in lipid membranes has not yet been
addressed. One solution is to use probes based on lipid deriva-
tives. Earlier studies showed that NBD-labeled DOPE undergoes
negligibly slow flip-flop process in model membranes and even
in live cells (McIntyre and Sleight, 1991). The first works that
addressed the flip-flop problem for lipophilic probes dealt with
probes for transmembrane potential. Many cationic dyes,
including cyanines and rhodamines, are transported through
the plasma membrane by the transmembrane potential (Wagg-
oner, 1979). For instance, probe R18, which bears both a long
chain and a net positive charge, undergoes a rapid flip-flop under
transmembrane potential on the time scale of seconds (Leenh-
outs and De Kruijff, 1995). This means that cationic amphiphile
molecules (including probably DiI and DiD dyes) are not suitablegy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 105
Figure 6. Solvatochromic Probes for Lipid Rafts and Examples of their Application in Model and Cellular Membranes
(A) Principle of solvatochromic probes for lipid rafts (left) and examples of their chemical structure (right).
(B1–B3) Application of Laurdan for studying phase separation in model membranes. Fluorescence spectra of Laurdan in model membranes of Lo (violet) and Ld
(blue) phases (B1), their ratiometric (GP) image in GUVs presenting both phases (SM/DOPC/Cholesterol mixture) (B2), and in native pulmonary surfactant
membranes with inset showing the fluorescent spectra in separated phases (B3). (B1) Reprinted by permission from Macmillan Publishers (Nat. Protoc.; Owen
et al., 2012b), copyright 2012; and (B2–B3) reprinted from Bagatolli (2006), copyright 2006, with permission from Elsevier.
(C1–C4) Application of NR12S probe for studies of lipid phases inmodel membranes and living cells. Fluorescence spectra of NR12S inmodelmembrane vesicles
presenting Lo (SM/cholesterol) and Ld (DOPC/cholesterol) phases (C1). Two-photon excitation (at 830 nm) ratiometric images of NR12S in GUVs presenting Lo
and Ld phases and their mixture (SM/DOPC/cholesterol) (C2). Changes in the lipid order in cell membranes (U87MG human glioblastoma cells) on cholesterol
depletion by methyl-b-cyclodextrin (C3 and C4) by ratiometric imaging with NR12S probe. Adapted with permission from Kucherak et al. (2010). Copyright 2010
American Chemical Society.
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branes due to the presence of the resting transmembrane
potential in live cells. The problem was solved by introducing a
zwitterionic group in the case of the electrochromic membrane
probe di-4-ANEPPS (Montana et al., 1989), where the sensitivity
to the electric field and the strong second harmonic generation
signals appear as proofs of the external leaflet localization of
the probes. Further studies by the same group showed that intro-
duction of two cationic groups in the case of di-4-ANEPPDHQ
(Figure 6A) can additionally improve the outer leaflet staining
for the time scale of the measurements (Jin et al., 2006). In our106 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd Allstudies, we followed the zwitterion approach in the design of
probes based on 3-hydroxyflavone (F2N12S) and Nile Red
(NR12S; Figure 6A). Probe F2N12S, due to its specific localiza-
tion at the outer leaflet, was able to detect the loss of the trans-
membrane asymmetry induced by apoptosis (Shynkar et al.,
2007). However, we could not provide the direct proof of the
absence of flip-flop for this probe. It became possible with
NR12S due to the unique switching ability of Nile Red by dithion-
ite ions (Kucherak et al., 2010). In these studies, we were able to
show that NR12S binds exclusively the outer leaflet of lipid mem-
branes and undergo its flip-flop on the time scale of hours. Laterrights reserved
Figure 7. Principle of Molecular Rotors for Lipid Rafts and Examples of Their Chemical Structures
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diffusion of the dye specifically within the outer and the inner leaf-
lets of giant vesicles having transmembrane lipid asymmetry
(Chiantia et al., 2011). So far, among the probes for membrane
rafts that are not derivatives of lipids, only di-4-ANEPPDHQ
and NR12S were directly shown to be localized sufficiently
long at the outer membrane leaflet. Thus, it remains important
to address the flip-flop kinetics for all other lipophilic probes
used in cell plasma membrane studies.
Compatibility of Membrane Probes with Advanced
Fluorescence Techniques
Confocal and two-photon fluorescence microscopies, which
have already become classical techniques, allow imaging model
and cellular membranes in three dimensions. Fluorescence
microcopy became faster and more sensitive, which enables
the observation of individual molecules and their dynamics
(Moerner and Fromm, 2003; Sauer et al., 2011), especially for
mapping the lateral organization of the plasma membrane
(Owen et al., 2009). Singlemoleculemicroscopy allows the direct
observation of emission and diffusion of individual fluorescent
molecules and is particularly interesting for the observation of
confinement of molecular diffusion within cell membranes
(Schu¨tz et al., 1997, 2000). FCS should be also mentioned
(Hess et al., 2002), because it is very useful for studying the
lateral diffusion of lipids in model and cellular membranes (Bacia
et al., 2004; Benda et al., 2003; Gielen et al., 2009; Schwille et al.,
1999). On the other hand, the resolution of fluorescence micro-
copy has drastically improved with techniques, such as stimu-
lated emission depletion (STED) microscopy (Willig et al.,
2006), photo-activated localization microscopy (Hess et al.,
2006), stochastic optical reconstruction microscopy (Rust
et al., 2006), and structured illumination microscopy (Gustafs-
son, 2000), allowing investigation of the membrane organization
at the nanoscale (Owen et al., 2012a). Finally, quantitative fluo-
rescence imaging, such as ratiometric imaging (Ai et al., 2008;Chemistry & BioloDemchenko, 2010; Demchenko et al., 2009) and FLIM (Bas-
tiaens and Squire, 1999; Berezin and Achilefu, 2010), recently
emerged as important alternatives to less precise intensiometric
detection. The choice of a probe for a particular fluorescence
technique is important, because each technique imposes
different requirements. Thus, FCS, single molecule, and super-
resolution techniques require very bright and photostable dyes
that are preferably not environment-sensitive. Probes of lipid
components (fluorescently labeled CT-B in particular) and
probes with specific partitioning into Lo/Ld phases are the
most suited for these techniques, because these probes could
be built from almost any high-performance fluorescent dye
(like cyanines 3 and 5, rhodamines, BODIPY, Alexa, or Atto
families). For instance, DiI with different alkyl chain lengths
(Kahya et al., 2003; Schwille et al., 1999) and Chol-BODIPY
(Chiantia et al., 2007) were successfully used by FCS microcopy
to study lateral diffusion in model membranes and cell mem-
branes. Moreover, cyanine 5 derivatives of DOPE and DPPE
revealed different diffusion behavior at the single molecule level
in the cell plasma membrane, revealing clusters and phase
heterogeneity (Schu¨tz et al., 2000). Lipids bearing Atto647N
and analogs with PEG spacer were applied for super-resolution
FCS (STED-FCS), which could show a nanoscale heterogeneity
at the cell membrane (Eggeling et al., 2009; Honigmann et al.,
2013). However, later works suggested a somehow different
physical nature for the nanoscale trapping observed in intact
living cells using STED-FCS and phase partitioning in isolated
phase-separated plasma membranes, as the diffusion of the
dyes did not correlate with their phase partitioning (Sezgin
et al., 2012b). So far, super-resolution techniques in the imaging
mode have not been used much with membrane probes, but
mainly with fluorescently tagged proteins (Mizuno et al., 2011;
Owen et al., 2012a). The problem is that these techniques require
longer acquisition times, which can be achieved only by cell
fixation. However, cell fixation (using formaldehyde or glutaralde-
hyde) works well only with proteins but not with lipids or lipid-likegy 21, January 16, 2014 ª2014 Elsevier Ltd All rights reserved 107
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probes for current high resolution imaging techniques.
Analysis of fluorescence intensity for phase partitioning
probes suffers from artifacts related to the dye concentration,
aggregation, quenching, instrumental factors, to list a few, which
is not the case for ratiometric or lifetime imaging, allowing direct
quantitativemeasurements. However, they require dyes capable
to change their emission ratio or lifetime in response to the
membrane phase. Solvatochromic probes are particularly suit-
able for ratiometric imaging, as the intensity ratio at two different
wavelengths describes directly the lipid order (Demchenko et al.,
2009; Kucherak et al., 2010; Owen et al., 2012b). In this respect,
Laurdan andC-Laurdan imaging (using generalized polarization),
Di-4-ANEPPDHQ, F2N12S and NR12S were all successfully
used both for imaging model and cellular membranes. Remark-
ably, using F2N12S and NR12S probes, the ratiometric analysis
have shown that the outer leaflet of cell plasma membranes is
mainly constituted of Lo phase (Kucherak et al., 2010; Oncul
et al., 2010). Because solvatochromic probes can also change
the fluorescence lifetime depending on the lipid phase, they
are of interest for FLIM measurements. Application of FLIM
with solvatochromic membrane probes emerged recently and
was for the moment validated only for Laurdan (Golfetto et al.,
2013; Owen et al., 2012c). In one recent study (Owen et al.,
2012c), FLIM with unmixing of fluorescence lifetime decays
(phasor analysis) suggested the presence of separate domains
with a majority of Lo phase on cell membranes (76%), in line
with the ratiometric data obtained earlier using F2N12S and
NR12S (Kucherak et al., 2010; Oncul et al., 2010). Given the
importance of these findings, it becomes urgent to extend the
phasor analysis to other probes, particularly to those specifically
staining a single leaflet of cell plasma membranes.
The molecular rotors are particularly interesting in com-
bination with FLIM, as their fluorescence lifetime is directly
dependent on the microviscosity of the environment and
thus on the membrane phase (Kuimova et al., 2008). However,
application of molecular rotors for FLIM imaging of mem-
brane phases appeared only in recent reports (Hosny et al.,
2013; Wu et al., 2013). It should be mentioned that some
molecules like DPH, due to presence of many points of free
rotation, could also be considered as molecular rotors. In
this respect, we should mention the earlier work on the DPH
derivative LcTMA-DPH, where the separated phases could
also be identified using FLIM (Haluska et al., 2008), despite
the moderate variation of its lifetime with phase state. These
recent examples point out that FLIM imaging of rafts with
molecular rotors is another important research area to be
explored further.
Finally, the application of membrane probes with microscopy
techniques can lead sometimes to artifacts. In particular, one
should mention the effect of the strong illumination, which can
induce microdomaines, modify their structure, or produce a
photo-conversion that changes the spectroscopic properties
of the dyes (Morales-Penningston et al., 2010; Sezgin et al.,
2013). The problem is generally solved by fine control of the
illumination power and the dye concentration. The other
approach is to search for new dyes with higher photostability
and lowest generation of singlet oxygen, which can oxidize lipids
producing the artifacts.108 Chemistry & Biology 21, January 16, 2014 ª2014 Elsevier Ltd AllCell Plasma Membranes versus Model Membranes
Model systems have greatly improved our understanding of the
structure and function of cell membranes. Lipid compositions
mimicking cellular membranes have been already well estab-
lished, showing that ternary mixtures of saturated lipids (SM,
DPPC, or DSPC), unsaturated phospholipids (DOPC or POPC),
and cholesterol are robust systems to study separated domains
of Lo and Ld phases. Model lipid membranes in the form of giant
vesicles (Angelova and Dimitrov, 1986; Morales-Penningston
et al., 2010; Veatch and Keller, 2003) or supported bilayers
(Richter et al., 2006) are perfect platforms for imaging separated
phase domains by fluorescence microscopy techniques. In
these cases, fluorescent membrane probes appeared particu-
larly efficient. They provided clear information about the proper-
ties of lipid membranes in terms of viscosity, polarity, hydration,
lipid diffusion, etc, as well as information about the microscopic
structure of these domains. Despite this success, the application
of membrane probes in live cells produced very different results
from model membranes. Indeed, while model membranes
stained with these probes show clearly separated microscopic
domains of Lo/Ld phases, in cell plasma membranes these
domains have not been really observed (with some rare excep-
tions; Gaus et al., 2003), and evidence of the existence of rafts
in cell membranes rely only on indirect measurements. The
main reason for such a difference is that model systems are
too simplistic to mimic all the chemical complexity of the cell
membrane. In this respect, GPMVs introduced recently are
particularly important (Baumgart et al., 2007a; Sezgin et al.,
2012a). They are probably the closest models of cell plasma
membranes in terms of chemical composition, as in addition to
lipids they contain also membrane proteins. Remarkably, mem-
brane probes allowed visualization of themicroscopic separated
phases in GPMVs (Baumgart et al., 2007a), similarly to ternary
mixtures. Recent systematic studies showed that the preference
of membrane probes to Lo or Ld phase inmodel ternary mixtures
is generally preserved in native membranes (Sengupta et al.,
2008; Sezgin et al., 2012b). However, some clear differences
were observed for dyes with less defined partitioning prefer-
ences. For instance, NBD-DOPE, which is excluded from Lo
phase (Baumgart et al., 2007b) with exceptions for some ternary
mixtures (Dietrich et al., 2001), showed a clear preference for the
Lo phase in GPMVs (Sengupta et al., 2008). As a general
trend, most of SM and cholesterol derivatives, which partition
to > 5% into Lo phase of the ternary mixtures, showed signifi-
cantly larger partitioning into Lo phase of GPMVs (Sezgin et al.,
2012b). These data suggest that Lo phase in GPMVs, being
similar to Lo phase of ternary mixtures, exhibits a higher ability
to accommodate modified saturated lipids. The order of lipid
phases in GPMVs, estimated by Laurdan and C-Laurdan, was
higher in Lo compared to Ld phases; however, the difference
between these two phases was much larger when measured in
ternary lipid mixtures (Kaiser et al., 2009; Sezgin et al., 2012b).
Thus, both partitioning experiments and membrane order
studies suggest that, in GPMVs, the differences observed
between Lo and Ld phases are less marked as compared to
ternary mixtures, which explains why certain membrane
proteins, excluded from Lo phase in ternary mixtures (similarly
to membrane probes), can efficiently partition into Lo phase of
native membranes (Kaiser et al., 2009). In part, the problem isrights reserved
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terol in model membranes to that in native membranes and the
use of DOPC, bearing two unsaturated chains, instead of natural
mixture of PC lipids. The other important difference between
GPMVs and GUVs composed of ternary lipid mixtures is their
leaflet asymmetry. Because GUVs with asymmetric lipid distri-
bution between the two leaflets were developed only a few years
ago (Cheng et al., 2009; Chiantia et al., 2011), imaging of the
phase separation was performed only on GUVswith a symmetric
bilayer. In contrast, GPMVs were claimed to preserve to some
extent the native transmembrane asymmetry, though the extent
of this asymmetry preservation still needs to be characterized
(Baumgart et al., 2007a). Finally, even GPMVs are not perfect
models of plasma membranes of live cells, because only the
former show microscopic phase separated domains. In live
cells, the domains are probably too small and dynamic, so that
only recently introduced super-resolution techniques may
access these tiny enigmatic structures (Eggeling et al., 2009;
Owen et al., 2012a). Moreover, the amount of Lo phase observed
in these two systems is not the same. The recent studies suggest
that the amount of Lo phase in plasma membranes of eukaryotic
live cells can be significantly above 50% (Kucherak et al., 2010;
Oncul et al., 2010; Owen et al., 2012c), while this is clearly not the
case in GPMVs (Baumgart et al., 2007a; Sengupta et al., 2008).
The other important problem that should be mentioned when
the model membranes are compared to cell membranes is
related to the presence of a number of proteins. This aspect is
out of the scope of the present review. Nevertheless, we have
to stress that current approaches to study lipid domains are
done by looking either at the membrane proteins presumably
associated with the lipid rafts or at the lipids themselves. Study-
ing only the lipid part of the rafts is simplistic because properties
of Lo and Ld phases in cell membranes are probably altered by
the presence of membrane proteins (Kaiser et al., 2009). On the
other hand, observing only the behavior of membrane proteins
may be poorly relevant to lipid rafts. Indeed, protein oligomeriza-
tion at the membrane surface, which is commonly addressed,
cannot really provide a direct evidence of the presence of lipid
rafts, unless a lipid surrounding of these proteins is studied
in situ on live cells. However, at the present state, directmeasure-
ments of the protein’s lipid surrounding are not possible using
lipid- or protein-based probes, which leaves a lot of room for
futuredevelopments in the fieldof advancedprobes for lipid rafts.
Conclusions and Outlook
Membrane rafts remain one of the most controversial issues in
biophysics, which is in part because the methods for their detec-
tion are still far from perfect. Optical techniques are probably the
most suited for this purpose because they are fast, noninvasive,
and could be applied in situ on live cells. However, they rely
heavily on fluorescent markers. The present review is focused
on small molecules, namely fluorescent molecular probes, which
are designed for rendering these tiny lipid nanostructures visible.
Despite the huge number of the available probes, there is no one
probe that provides a good contrast of separated phases in both
model and cell plasma membranes. The choice of the probe
depends on the question posed, the membrane system studied,
and the instrumental technique used. The most common probes
are lipophilic fluorescent molecules that partition either intoChemistry & Biololiquid ordered (lipid raft) or liquid disordered phase, thus
providing their specific staining. However, these probes are
usually excluded from lipid rafts (liquid ordered phase), with
only few exceptions. The structure of a raft probe should fit
perfectly into the tightly packed Lo phase, which makes molec-
ular design of these probes highly challenging. Moreover, their
partitioning depends on the lipid composition of the concerned
phases, so that it is hard to predict their behavior in live cells.
The second class of probes is based on environment-sensitive
dyes, which partition into both phases and stain them in different
fluorescence color, intensity, or lifetime. They do not require spe-
cific partitioning to one of the phases and can directly address
the properties of each phase. However, this class of dyes is still
poorly explored and requires more systematic efforts in their
design and characterization. The present review also discussed
the importance of designing molecular probes with a selective
binding to a single leaflet and a slow flip-flop rate. To achieve
this, the fluorophore of interest should be either attached to a
lipid or modified with charged groups and long alkyl chains for
a proper location in the bilayer.
The rapidly developing fluorescence microscopy techniques
impose new requirements to membrane probes. Thus, single
molecule and super-resolution microscopies require very bright
and photostable dyes. In this case, partitioning probes (first
class) are generally the most suited, because they can be de-
signed from the most efficient dyes actually available (Alexa
and Atto families). On the other hand, quantitative imaging tech-
niques, such as fluorescence ratiometric and lifetime imaging,
rely on dyes capable of changing their fluorescence properties
in response to membrane phases. In this case, only environ-
ment-sensitive probes can be used. The future design of the
new membranes probes will have to take into account the re-
quirements of a given technique.
So far, applications of membrane probes in model and cellular
systems provide quite contrasted results. On one hand, the
problem is related to the simplified nature of model lipid
membranes compared to the cell plasmamembrane complexity.
On the other hand, many probes working perfectly in model
membranes are not applicable for cellular studies (due to their
rapid internalization and flip-flop rate, their phase mispartition-
ing, etc). Therefore, an appropriate design of the probes should
be accompanied by their systematic evaluation in different
model systems (large unilamellar vesicles, giant vesicles) as
well as in native membranes and live cells.
In biological membranes, these probes are associated with
lipids and thus describe only the lipid part of the membrane.
Therefore, they are ‘‘blind’’ to the presence of membrane
proteins, unless FRET techniques between proteins and mem-
brane probes are used. On the other hand, current research
oriented on membrane proteins does not pay enough attention
to the importance of the surrounding lipids. Therefore, the impor-
tant future challenge for the membrane probes will be to design
molecules capable of monitoring lipid surrounding specifically
around a given protein of interest.ACKNOWLEDGMENTS
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